Abstract Rhombencephalosynapsis is an uncommon cerebellar malformation deWned by vermian agenesis with fusion of the hemispheres and of the dentate nuclei. Embryologic and genetic mechanisms are still unknown, and to date, no animal models are available. Ultrasound diagnosis is generally suspected after 22 weeks of gestation, and usually the abnormality is suggested by ventriculomegaly. Morphological analysis of 40 fetuses after medical termination of pregnancy allowed us to conWrm that rhombencephalosynapsis was always associated with other brain abnormalities or malformations: Purkinje cell heterotopias, fusion of colliculi, forking and/or atresia of the aqueduct and of the third ventricle resulting in a fusion of the thalami, agenesis of the corpus callosum, lobar holoprosencephaly and neural tube defects. Pons and medulla were very infrequently abnormal. Furthermore, complete autopsy made it possible to separate either pure neurologic phenotypes, or associated with extraneural anomalies from syndromic forms: Gomez-Lopez-Hernandez syndrome (1 case) and VACTERL-H syndrome (6 cases). The number of our fetal cases strongly suggests that VACTERL-H association related with rhombencephalosynapsis emerges as a non-random association. Furthermore, recurrence and consanguinity were noted in two diVerent families, which argue for a sporadic or inherited cause. From our results, it could be suggested that rhombencephalosynapsis may be due to defective genes regulating formation of the roof plate and the development of midline cerebellar primordium at the junction of the mesencephalon and of the Wrst rhombomere.
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Introduction
Rhombencephalosynapsis (RS) is a rare congenital defect of the cerebellum which was Wrst described by Obersteiner [30] as a sporadic condition about one century ago, from a postmortem examination of a 28-year-old man who committed suicide. The term RS was then introduced by Gross and HoV [14] . This entity is classically deWned as cerebellar hypoplasia, in which cerebellar hemispheres and underlying dentate nuclei are apposed or fused across the midline in the absence of vermis [14, 20] . Its frequency has been estimated at 0.13% by Sener [44] from a series of 3,000 consecutive pediatric brain magnetic resonance imaging (MRI). A number of pediatric and adult cases (less than 80) have been previously reported in the literature and were diagnosed on MRI screening in living patients displaying various degrees of neurological signs. After birth, clinical presentation can vary highly in severity. In post-natal cases as well as in children, typical symptoms consist of swallowing diYculties, delayed motor acquisitions, muscular hypotonia, spastic quadriparesis, cerebellar signs including dysarthria, gait ataxia, abnormal eye movements, nystagmus and head stereotypies [34, 53, 54] , seizures and hydrocephalus being inconstant. Ocular abnormalities have recently been extensively described and attributed to a direct consequence of absent cerebellar vermis, an essential component of the neural pathways that controls horizontal vergence [33] . In most cases, cognitive functions are impaired [1, 3, 5, 7, 24, 32, 34, 36, 39-41, 45, 46, 50, 53-56] . Cognitive aVective syndrome occurs frequently in children as well as in adults, due to the impairment of limbic cerebellum, i. e., vermis and fastigial nuclei [36] . Most patients die in early life, but survival into adulthood has been reported [2, 20, 29, 30] . In patients alive, clinical prognosis depends on the severity of neurological signs, on mental retardation and long-term cognitive functions which are most often impaired, even though RS is compatible with normal cognitive functions in childhood [34, 53] as well as in adulthood [2] . At the present time, the precise etiological factors responsible for this cerebellar malformation, which is supposed to occur between 28 and 42 post-conceptional days [51, 55] are unknown, though several hypotheses have been proposed including teratogenic [27, 47] or genetic, either chromosomal [24, 54] or genetic ones [58] . Hypothetic genes implicated in early development have also been discussed [28] and up to now, no animal models have been described.
In a few cases only, an extensive neuropathological examination has been described [14, 20, 21, 30, 58] . In adulthood, the main neuropathological features consist of microcephaly, atrophy of optic nerves, agenesis of the corpus callosum and absent septum pellucidum. In case of ventricular dilatation, stenosis of the aqueduct of Sylvius has been observed, and histological examination revealed diVuse subpial gliosis of the tegmentum as well as an immature pattern of the ependymal lining [58] . Although there is an increasing number of prenatal diagnoses, few reports of fetal RS diagnosed on ultrasound and/or MRI screening have been published and, to our knowledge, only eight autopsy cases with neuropathological Wndings have been reported so far [26, 27, [47] [48] [49] . We report herein a series of 40 fetal cases with RS obtained by means of a collaborative study including 5 French centers, which made it possible to analyze the neuropathological abnormalities accurately and to describe the diVerent intraand extraneural associated anomalies, in an attempt to identify new possible syndromic entities, and to propose from all these data additional etiological hypotheses.
Materials and methods

Fetal population
A total of 40 fetuses (from 39 families) from 14 to 35 weeks of gestation (WG) were selected through a collaborative study involving Wve French centers between 1992 and 2007. In all cases, pregnancy was terminated for either hydrocephalus or RS discovered by ultrasound (US) or MRI screening, with the informed consent of the parents and in accordance with the French law. Data from familial history, fetal antenatal clinical US and MRI examinations as well as fetal karyotypes were provided in all cases.
Autopsy procedures
All cases underwent a complete autopsy performed by fetopathologists according to standardized protocols, including X-rays, photographs, macroscopical and histological examination of all viscerae. Fetal biometric data were assessed according to the morphometric criteria of Guihard-Costa et al. [16] .
Neuropathological examination
The brains were Wxed in 10% buVered formalin. Brain growth was evaluated according to the biometric criteria of Guihard-Costa and Larroche [15] . In all cases, multiple tissue samples were embedded in paraYn. Six micrometer sections were stained using hematoxylin-eosin and cresyl violet. All macroscopical and histological brain examinations were reviewed by two neuropathologists. To make the diagnosis of RS, the general deWnition according to Friede, Utsunomiya and Yachnis [11, 55, 59 ] was used, RS being characterized by vermian aplasia or hypoplasia with fusion of the cerebellar hemispheres. In case of associated anomalies of the aqueduct of Sylvius, lesions were classiWed according to Friede [11] .
Cerebellar sections were assessed for immunohistochemical studies using antibodies directed against calbindin 28 kD (diluted 1/100; Tebu Novo-Castra, Le Perray en Yvelines, France) and parvalbumin (1:500; SIGMA, St Louis, USA). Immunohistochemical procedures included a microwave pre-treatment protocol to aid antigen retrieval. Incubations were performed for 1 h at room temperature, using the TECHMATE system (DAKOPATTS, Trappes, France). After incubation, histological slides were processed using the LSAB detection kit (DAKOPATTS, Trappes, France). Peroxidase was visualized by means of 3-3Ј diaminobenzidin or amino-ethyl carbazole.
Results
Antenatal data
Prenatal data are summarized in Table 1 . Seventeen fetuses were male and 23 female (sex ratio, 0.73). There was only one recurrent case in a sibling (cases 31 and 38), and a notion of parental consanguinity in one other case (case 40). Standard karyotypes were normal in all cases.
Based on US and MRI screening, medical termination of pregnancy was performed for ventriculomegaly in 36 fetuses (90% of cases). In 22 cases (55%), ventriculomegaly was the only ultrasound sign. Ventriculomegaly was associated with a small cerebellum (transverse diameter below the Wfth centile) in 13 cases (32.5%), and antenatal MRI made it possible to conWrm the diagnosis of RS in these cases. In one case, termination of the pregnancy was performed for associated holoprosencephaly (case 29) or agenesis of the corpus callosum (case 8) and for microcephaly with no ventriculomegaly in one case (case 27). Ventriculomegaly was associated with intra-uterine growth restriction in 4 fetuses (cases 1, 4, 27 and 29), with cardiac malformation in 3 (cases 26, 33 and 34) . Medical termination of the pregnancy was achieved at the end of the Wrst trimester in one case, during the second trimester in 31 (77.5% of cases), and during the third trimester in 8 (20%).
General autopsy Wndings
All but four fetuses were eutrophic, and skeletal measurements as well as the weight and the histological maturation of the diVerent viscerae were concordant with the gestational age. Except for case 27, all fetuses presented with macrocranium with large fontanels, and a characteristic, although not speciWc, cranio-facial dysmorphism, associating prominent forehead, hypertelorism, small pointed nose with a large nasal bridge and anteverted nostrils, midface hypoplasia, smooth philtrum, small mouth with thin lips, microretrognathism (Fig. 1a, b) as well as posteriorly rotated low set ears with a coarse up-sized lobule (Fig. 1c) and deformation of the external auditory canal (Fig. 1d) . In six cases (number 32-37), at least two diVerent skeletal or visceral malformations including vertebral, limb or heart defects and esophageal or anal atresia were found, which led to the diagnosis of VACTERL + Hydrocephalus syndrome (VACTERL-H, MIM276950). Vertebral defects were observed in three cases (cases 38-40) associated with unilateral atresia of the external auditory canal, preauricular tag and microtia in one case (case 40) (Fig. 1e) . One fetus (case 25) had bilateral temporal alopecia, strongly suggestive of Gomez-Lopez-Hernandez syndrome (GLH, MIM601853), although craniosynostosis was not observed (Fig. 1f) . In one fetus, postmortem examination revealed associated genito-urinary malformations (case 30), and in another, a polymalformative syndrome of unknown etiology associating RS, complete agenesis of the corpus callosum, cardiac septal defect and Meckel diverticula (case 26).
Neuropathological studies
Detailed macroscopic and microscopic Wndings are summarized in Tables 1 and 2 , respectively. On external examination, gyral conWguration of the forebrain was normal according to the age in four cases. In one fetus, micropolygyria was noted (case 29). In the other cases, gyral conWguration was diYcult to assess, due to the severity of hydrocephalus. For the same reason, the ratio infra/supratentorial weight of the brain was not calculable. The weight of the brainstem and cerebellum was available in 33 cases. It was normal in 17 cases (51%). In seven cases, the weight corresponded to a delayed growth of 2 weeks, in six of 4 weeks and in three, of 8 weeks. Transversal diameter of the cerebellum, obtained in 28 cases, was estimated to the 50th centile in 28.5% of cases, to the 25th centile in 14.5% of cases, and below to the 10th centile in 57% of cases. In all cases, the cerebellum appeared to be small and most often pear-shaped (Fig. 2a) . In 33 cases (82%), the vermis was absent, with a complete fusion of hypoplastic cerebellar hemispheres, folia running across the midline (Fig. 2b) . In seven cases, a partial RS was observed (18%), with a small poorly formed vermis, its rostral part being more severely aVected, whereas the caudal vermis was better formed, with a discernible Xocculo-nodular lobe (Fig. 2c,  d ). On cut sections, the fourth ventricle was narrowed, with a characteristic diamond-shaped pattern in some cases and fused or apposed dentate nuclei (Fig. 2e, f) . The pons and medulla were macroscopically normal. On supratentorial coronal sections, ventricular dilatation aVected both lateral and third ventricles in 32 cases (80%), and the lateral ventricles with no patent third ventricle in seven cases (17.5%). There was no dilatation in one single case. Ventricular dilatation was severe in 80% of cases, moderate in 12.5%, and mild in 7.5% of cases. Analysis of the corpus callosum was available in 34 cases. Callosal abnormalities were noted in 35.5% of cases. Complete agenesis of the corpus callosum was found in eight cases (23.5%), with Probst bundles in one fetus (case 20), and partial agenesis in one case (case 9). Corpus callosum was hypoplastic in four (12%), and normal in all other cases. The septum pellucidum was identiWed and considered as normal in 5 cases, identiWed but ruptured in 11 cases (Fig. 3a) , and not present in the remaining cases. Associated anomalies consisted of lobar holoprosencephaly in two fetuses (cases1 and 29: 5%) ( Fig. 3b-d) , and of neural tube defects in 3 (cases 11, 24 and 28: 7.5%).
Histological examination of sections passing through the brainstem and cerebellum allowed us to conWrm the macroscopic diagnosis of complete or partial RS, in which fusion of the folia was observed in the rostral part of the cerebellum. In all cases, the Xocculo-nodular lobe was well formed. Dentate nuclei were fused in 54% of cases (Fig. 4a, b) , apposed in 38% (Fig. 4c) . In some cases, they were fused at the rostral level only, with the classical appearance of inverted U-shaped structure, and well formed at the more caudal levels. Despite the multiplicity of samples, they appeared to be normal in three cases (8%). They were hypoplastic and dysplastic in a single case (case 1) (Fig. 4d) . Other cerebellar anomalies consisted of heterotopic Purkinje cell clusters arrested in the white matter, or lying near the roof of the fourth ventricle (7 cases; 18%) (Fig. 4e, f) . Brainstem lesions were very infrequently observed, and consisted of inferior olivary nuclei absence in one case (case 22), and of dysmorphic and heterotopic olivary nuclei in another case (case 20). Hypoplastic brainstem nuclei were noted in two cases (cases 1 and 20; 5%), and pyramids, although hypoplastic in two fetuses presenting with lobar holoprosencephaly (cases 1 and 27; 5%), were always present. In the mesencephalon, two major abnormalities were observed: fusion of the colliculi, and lesions of the aqueduct of Sylvius. Fusion of the colliculi (inferior, superior or both), also named mesencephalosynapsis, was noted in 75% of cases (superior: 11 cases, inferior: 20 cases; superior and inferior: 9 cases, 22.5%) (Fig. 5a) . Analysis of the aqueduct of Sylvius was available in 36 cases (90%). The aqueduct was histologically normal in two cases only (Fig. 5b) . Isolated stenosis (narrowing with no modiWcation of its shape) was observed in Wve cases (13%) (Fig. 5b) . Aqueduct of Sylvius was considered as dysmorphic-multiple indentations of the ependymal lumen without narrowing or atresia-in three cases (12%) (Fig. 5d) , with associated stenosis in two cases, or with dilatation in one case. Complex forking-two or more distinct permeable channels, surrounded by several ectopic ependymal tubes, separated from each other by normal brain parenchyma-was observed in 11 cases (31%) (Fig. 5e) . Atresia, consisting of absent permeable channel, replaced by several small tubules lined with ependymal cells, was noted in 14 cases (39%) (Fig. 5f ). Atresia extended more rostrally to the third ventricle in 5 cases (17.5%) resulting in a fusion of the thalami, corresponding to diencephalo-mesencephalosynapsis (Fig. 5g) . Stenosis of the third ventricle was noted in case 22. In the other cases, the third ventricle was either normal (12 cases; 36.5%) or dilated (15 cases; 45.5%), with histological hallmarks of intraventricular raised pressure characterized by abrasion of the ependymal cell lining replaced by micronodular astrocytic foci. In case of third ventricle dilatation, the thalami appeared to be dysmorphic in three cases (cases 1, 20 and 28), or hypoplastic (case 36). Histological examination allowed us to conWrm the other lesions observed during macroscopic examination: agenesis of the corpus callosum, lobar holoprosencephaly and encephalocele or meningocele. Internal capsule was fragmented in two cases (22 and 29) (Fig. 5h) . Anterior commissure was considered as normal in six cases, and was not identiWed in the other cases, likely due to severe hydrocephalus. Even though anomalies of cortical lamination consisting of focal festooned cortical ribbon resembling the pattern of polymicrogyria but with no 4-layered cortex were present in two fetuses (cases 24 and 29), no migrational abnormalities were observed at the supratentorial level. [26] .
Embryopathology
The vermian maldevelopment in complete RS is characterized by an absence of anterior and posterior vermis, whereas the Xocculo-nodular lobe is present. In case of partial RS, the rostral part is mostly aVected. The cerebellum develops from the cerebellar primordium, an unpaired structure located at the junction of the metencephalon (Wrst rhombomere) and the mesencephalon. The cerebellar primordium becomes divided into a median part, the vermis, and a pair of hemispheres which grow rapidly from the rhombic lips. In previous studies, it has been postulated that the failure of vermian diVerentiation in the anterior part of the midline cerebellar primordium occurred between the fourth and seventh week, and is considered by most authors as resulting from a fusion of cerebellar hemispheres over a maldeveloped vermis [51] . Other histogenetic hypotheses have also been proposed; RS resulting from an absence of division of the cerebellar hemispheres, since the vermis develops 9 weeks onwards when developing hemispheres are still fused, implying that absence of vermian development results from a nonseparation of cerebellar hemispheres [55] . Otherwise, RS has never been described with dysplastic cerebellar cortex, implying that the lateral parts of the rhombic lips are not involved in the pathogenetic mechanism of RS. On the contrary, the existence of migrational anomalies of Purkinje cells, which were observed in 20% of our cases, argues for a defective patterning of the roof of the fourth ventricle. Although dysplastic or absent olivary nuclei could be interpreted as a secondary phenomenon, they could be more likely related with a migration defect of olivary neurons from the fourth ventricle Xoor plate. Most of the time RS is associated with other infratentorial anomalies (fused dentate nuclei, fusion of the colliculi, aqueductal abnormalities), which may also be related to an early defect of dorsal midline patterning of the Wrst rhombomere and mesencephalon. Associated supratentorial lesions also consist in midline defects (CCA, holoprosencephaly), which suggests that embryopathological mechanisms responsible for RS could also alter the downstream signalling cascade from the mesencephalo-metencephalic junction at more rostral levels.
Clinical and MRI diagnosis
The diagnosis of RS is increasingly made by MRI, which appears superior to US examination for the delineation of posterior anatomy in fetuses as well as in children [26, 29, 31, 51, 55] , which could explain the very low number of previously reported cases in the literature. This cerebellar malformation had probably been missed for years on radiological and/or pathological exams, and in our series, pathological criteria of RS have sometimes been identiWed several years after the Wrst examination of fetuses displaying hydrocephalus and vermian anomalies. Regarding the diagnosis of partial or total vermian agenesis or hypoplasia, several pathological conditions are now easily distinguished from RS by both brain MRI and morphology, in particular Dandy-Walker continuum, Joubert syndrome, tectocerebellar dysraphy, cerebellar dysplasia of lissencephaly type II or pontocerebellar hypoplasias, and histological analysis makes it possible to distinguish clearly RS from cerebellar atrophy. To date about 70 cases have been extensively described by imaging, two-thirds of them by MRI, the majority of cases having non-syndromic RS [34] . The major antenatal MRI signs consist, on axial planes, of fused cerebellar hemispheres, absent or hypoplastic vermis, narrow diamond-shaped fourth ventricle and fused dentate nuclei. Sagittal planes display a lack of primary vermian Wssure and of normal fastigial point [26] . In a minority of cases, partial RS has been identiWed by MRI [9, 32] . Global similar Wndings have been reported in children and adults, and as in fetuses, associated anomalies such as rupture or absence of septum pellucidum, dysgenesis or agenesis of the corpus callosum, fused fornices and thalami have been observed [5, 8, 21, [53] [54] [55] . In children, atrophy of the white matter with gyral abnormalities, and fusion of the inferior and superior colliculi have also been reported [8, 26, 32, 33, 44] . Other features have also been described, such as malrotated hippocampi, hypoplastic chiasm, fused cerebral peduncles and thalami [2, 9, 32, 34, 54] , parietal and temporo-parietal cortical dysplasia [32, 33] , and schizencephalic cleft [33] . Using MRI, associated Dandy-Walker malformation has been observed in four fetuses [36, 45] and Chiari I or II malformations have also been reported in two children [46, 54] , but these malformations were not identiWed using prenatal US or MRI in our cases.
Neuropathological descriptions
Neuropathological descriptions concern mainly pediatric, 11 cases, from birth to the age of 16 [14, 20, 21, 23, 42, 48] and four adult cases [20, 21, 30, 58] . Fetal neuropathology has seldom been reported, and to our knowledge, only eight autopsy cases with neuropathological analysis have been described [26, 27, [47] [48] [49] . In all reports, neuropathological descriptions of RS are similar and distinguish complete and partial RS, the latter suggesting that RS should be considered as a malformation with a variable degree of severity. It is worth noting that a partial RS was found in less than 20% of our cases. In the whole literature, the cerebellum is described as more or less hypoplastic, as conWrmed by our study where biometric data were normal in 50% of cases, and in the most severe forms fastigium and Xocculi are not visualized, which we did not Wnd in our series. In some cases, the dentate nuclei are unfolded [47, 48] , as in one of our cases. Previously described cerebellar histological anomalies consist of dysplastic deep cerebellar roof nuclei and lack of cerebellar folia [47] , and in one case, of dysplastic large ectopic neurons [48] which could correspond to the nonmigrated calbindin-positive Purkinje cell clusters we observed in the cerebellar white matter, and which are likely to be a frequent associated anomaly, since observed in about 20% of our cases. In our cases as in those described in the literature, brainstem anomalies are very infrequent. In post-natal cases, they include hypoplasia of the pons [47] and absence of dorsal accessory olivary nuclei [21] . In fetal cases, no brainstem anomalies have been observed until now, and are as infrequent as in postnatal cases, since noted in two of our cases only, and consisting in complete absence or heterotopia of inferior olivary nuclei, brainstem nuclei hypoplasia, and hypoplastic cortico-spinal tracts. Coexistence of RS and Dandy-Walker malformation has been documented in a single case [47] , and was observed in one of our cases. In the fetus, hydrocephalus is the most frequently supratentorial associated anomaly and has been attributed to the narrowing of the fourth ventricle, or to lesions of the Aqueduct of Sylvius, usually described as stenoses. In two of our cases only, the aqueduct was normal, and hydrocephalus was moderate. In some previous reports, atresia-forking of the aqueduct and/ or of the third ventricle has been described [23, 47, 48] . This anomaly appears to be relatively frequent, since it was present in 39% of our cases. Nevertheless, atresia-forking is the most severe lesion of the aqueduct and probably present mostly in fetal cases in association with massive hydrocephalus. Lesions of the aqueduct of Sylvius, a mesencephalic abnormality which is present in nearly all cases, are generally associated with fusion of the inferior colliculi [21] . Fusion of the colliculi was identiWed in 75% of our cases, aVecting superior, inferior colliculi or both. It is worth noting that sporadic or recurrent cases of isolated atresia-forking or stenosis of the aqueduct of Sylvius have been described (MIM236635) could belong to the RS spectrum and represent the less severe form. Before birth, supratentorial midline abnormalities are identiWed with diYculty owing to the severity of hydrocephalus, in particular true agenesis of the septum pellucidum which is most often impossible to conWrm. Otherwise, as in our observations, thin or dysmorphic corpus callosum as well as complete or partial agenesis have been also documented [26, 48] . Cortical malformations have been well described by MRI, and conWrmed in rare autopsy cases.
They encompass a variety of gyral anomalies, including diVuse polymicrogyria [48] , or restricted to the occipital lobes [26] . Other lesions have been reported, such as hypoplasia of the temporal lobes [26, 48] , and gray matter heterotopias with calciWcations of the frontal lobes [26] . Absence of olfactory bulbs and tracts has been reported by Shachenmayr and Friede [42] , but were never observed in our series. Eye or visual pathways anomalies have also been reported, consisting of microphthalmia [26] , optic nerve atrophy or hypoplasia [21, 58] , septo-optic dysplasia [27] and absence of optic chiasm [47] , which were not identiWed in any of our cases. Microcephaly, which is exceptional in our series (one single case), has been reported by others in children and adults [26, 47, 58] . In our series, we found two cases where RS was associated with lobar holoprosencephaly. Interestingly, RS was reported for the Wrst time 20 years ago in a fetus presenting with extreme form of holoprosencephaly, called aventriculi [47] , then by Shaw [48] , Siebert [49] and recently by McAuliVe [26] . In all these cases including ours, several associated intra-and extraneural abnormalities were noted. At last, we identiWed associated neural tube defects in three cases. Neural tube defects have never been previously reported in fetuses, and only in one adult and two pediatric cases, consisting of RS and cervicothoracic or lumbosacral myelomeningocele [40, 46] , but not of encephalocele as in our three fetuses.
Associated anomalies
Extraneural associated anomalies have been rarely reported and concerned mainly pediatric and adult cases. Regarding the existence of cranio-facial dysmorphism, low set ears and hypertelorism have been reported [54] , midface hypoplasia being observed by McAuliVe et al. [26] . Based on the largest series ever reported of fetal cases, we were able to describe a common dysmorphic pattern associating macrocranium and large fontanels with characteristic cranio-facial anomalies, consisting of prominent forehead, hypertelorism, small pointed nose with a large nasal bridge and anteverted nostrils, midface hypoplasia, smooth philtrum, small mouth with thin lips, microretrognathism as well as posteriorly rotated low set ears with a coarse up-sized lobule and deformation of the external auditory canal. Without being speciWc, this pattern, in particular midface and ear anomalies should alert pathologists to search for RS. The vast majority of extraneural anomalies cited in the literature concern skeletal abnormalities, and consist of segmentations and fusions of the spine, as well as of radial ray defects and anomalies of upper extremities. The latter include polydactyly, syndactyly, phalangeal hypoplasia, and duplication of the thumbs [1, 32] . As in six of our cases, associated, perhaps syndromic but with no deWnite diagnosis, visceral malformations have also been reported [1, 9, 21, 26, 32] . Gomez-Lopez-Hernandez syndrome, the best characterized syndrome whose key feature is RS which was reported in fewer than 20 isolated cases [3, 25, 35, 43, 52, 57] , was suspected in one fetus. Although craniosynostosis was absent and trigeminal nerve involvement could not be diagnosed, scalp biopsies revealed the presence of underdeveloped pilosebaceous structures, which does not correspond to a form of aplasia cutis congenita [3] . This syndrome, which could result from dominant neomutations or de novo chromosomal rearrangements [35] , was delineated in the late 1970s [13, 25] , associating mental retardation, partial parietal and occipital scalp alopecia, craniosynostosis, gait ataxia, facial anesthesia, dysmorphic features and RS on MRI. In fact, this association was initially described in 1959 in a 2-year-old boy showing similar dysmorphic features, bitemporal alopecia and RS on neuropathological examination [14] . In our series, six cases fulWlled at least two speciWc criteria necessary to conclude to the diagnosis of VACTERL association [38] . VACTERL is a sporadic non-random co-occurrence of the following defects: vertebral anomalies (V), anal atresia (A), cardiovascular defects (C), esophageal atresia and/or tracheo-esophageal Wstula (TE), renal (R) and limb/radial (L) anomalies. Since 1984, hydrocephalus has been recognized in a number of individuals with VACTERL [4] . This combination has emerged as a distinct entity named VACTERL-H association. Its genetic heterogeneity is suggested by both recessive autosomal and X-linked mode of inheritance and related to Fanconi anemia genes [6, 19] . However, no association between Fanconi anemia and RS has been reported so far. One major result of our study was to identify the cause of hydrocephalus in VACTERL-H association observed in 15% of our fetal population, which had never been previously reported. The number of our fetal cases strongly suggests that VACTERL-H association due to RS emerges as a non-random association. Furthermore, Michaud et al. [27] , who described a case of RS with septooptic dysplasia, described associated anomalies strongly suggestive of VACTERL-H, as well as in the cases reported by Briard [4] , where "stenosis" of the aqueduct of Sylvius without further neuropathological description was noted. In term of genetic counselling, this VACTERL-H/ RS association has to be recognized owing to the theoretical risk of recurrence [18, 21, 23, 48] . Oculo-AuriculoVertebral (OAV) spectrum (MIM164210) was suspected in two cases because of vertebral defects and unilateral atresia of the external auditory canal but no other speciWc criteria were found [22] . These two cases could preferably be included in the VACTERL-H-RS association spectrum, as far as VACTERL-H association has been reported with bilateral atresia of the external auditory canal, and OAV spectrum has been statistically related to VACTERL-H association, indicating similarities in pathogenesis or etiology [12, 22] . At last, one patient with GLH syndrome and esophageal atresia has been reported [35] , which conWrms the existence of a wide phenotypical spectrum, ranging from isolated RS to GLH and VACTERL-H association with several overlaps between all these syndromes.
Etiological factors
Rhombencephalosynapsis is still considered by most authors as a sporadic condition, and etiological factors remain poorly understood. Environmental teratogenic eVects have been suggested, in particular insulin-dependent diabetes mellitus [47] and phenylcyclidine intake at the beginning of the pregnancy [27] . Cytogenetic abnormalities appear to be exceptional since only two diVerent chromosomal anomalies involving interstitial deletion of chromosome (2q) [54] and an unbalanced subtelomeric translocation t(2p;10q) [24] have been reported. Rare genetic causes have been identiWed in syndromic forms. A mutation in the PTEN gene was found in one child [37] as well as a mutation in FAC and FANC B genes in two cases of VACTERL + H [6, 19] . In two fetuses, RS was associated with lobar holoprosencephaly (HPE), which has already been described in a single fetal case with absent left radius and thumb, as well as tetralogy of Fallot, representing a unique association of HPE, RS and VACTERL with unknown genetic background [49] . HPE is now known as a multihit process including mutations or quantitative anomalies throughout mainly SHH, ZIC2, SIX3 and TGIF genes [10] . Our two cases were screened for these genes and were found to be negative. In one fetus, GLH was suspected. Interestingly, microarray-based comparative genomic hybridization (array-CGH) had previously been carried out in one patient showing typical GLH syndrome, but DNA variations were not considered as relevant genomic aberrations [43] .
In our study, recurrence was noted in one family and consanguinity in another, which has been already reported, suggesting a possible genetic inherited cause in some cases [5, 39, 40, 53] . Molecular mechanisms are still hardly known even though several genes involved in midbrainhindbrain patterning have been discovered. All studies using animal models invalidated for several genes contributing to the isthmic organizer region signalling pathway, failed to show their implication in RS: Lmx1a, Lmx1b, Gbx2, Otx2, Fgf8, Wnt1, 2 and 3, and Pax2 [17, 28] .
Even though a chromosomal abnormality was excluded in all our cases using conventional cytogenetic methods, a cryptic chromosomal rearrangement could be suspected (microdeletions or microduplications). In addition, since it was impossible to perform linkage analyses due to the too small sampling in familial cases, we carried out a preliminary study on 15 fetal cases using a pangenomic approach by means of array-CGH, which enabled us to identify 2 diVerent de novo microrearrangements: one microduplication on chromosome 1p and one microdeletion on chromosome 7q. Further DNA tests are being carried out in our whole fetal population in order to conWrm the pathogenic eVect of these genetic alterations and to search abnormal chromosomal recurrent loci.
In conclusion, RS occurs most of the time as a complex condition associated with a variety of intra-and/or extraneural malformations, as proved in our study including 40 fetal cases. Isolated RS without mesencephalosynapsis or aqueductal anomalies were never observed. RS was always associated with intraneural lesions restricted to the infratentorial structures in 33, 3% of cases. In the other cases, various supratentorial abnormalities were observed, the most frequent being agenesis of the corpus callosum and atresia of the third ventricle. Moreover, syndromic forms were observed in this group and representing one-third of these cases. With the systematic use of MRI which has considerably improved its antenatal diagnosis, the frequency of RS appears now to be much higher than previously thought. From our results, it could be suggested that RS is possibly due to a defective gene regulating formation of the roof plate and the development of midline cerebellar primordium at the junction of the mesencephalon and of the Wrst rhombomere.
